INTRODUCTION
============

Cognitive dysfunction is known as one of the common complications that occur after stroke and it accounts for 10-82% of total patients with stroke[@B24],[@B25]. Cognitive impairment after stroke can cause serious social problems, and these include decreased quality of life of patients and severe economic loss with an increase in the medical expense by the community members. It would therefore be mandatory to accurately assess and to perform rehabilitation treatments of patients who present with cognitive impairment, which is essential for achieving successful treatment outcomes in patients with stroke and helping them to return to the daily lives[@B8].

A computer-assisted cognitive rehabilitation (CACR) has been frequently used since it was first used by Glisky et al.[@B11] in 1986. It is used to enhance the degree of cognition of patients with brain injury. Moreover, it is advantageous in providing the standardized task and the immediate feedback for task performance. Furthermore, it is useful in performing a follow-up of patients\' clinical course and conducting a clinical study by constantly analyzing and comparing data about the performance results. It has been reported that memory, auditory and visual attention were significantly improved using the Korean computer-assisted cognitive rehabilitation program in patients with brain injury[@B14].

Recent ongoing studies examine the clinical usefulness of non-invasive cerebral cortex stimulation technique such as transcranial direct current stimulation (tDCS) in the treatment of patients with brain disorder. Andrews et al.[@B1] reported that the working memory was improved by stimulating the dorsolateral prefrontal cortex with tDCS in healthy adults. In addition, a variety of studies have shown that the tDCS had a significant effect in rehabilitating the cognitive functions in patients with brain injury[@B20]. Jo et al.[@B12] demonstrated that the tDCS over the left dorsolateral prefrontal cortex was associated with enhanced working memory performance. Ko et al.[@B17] showed that the tDCS was applied to the scalp over the right posterior parietal cortex and it was effective in improving the visual scanning performance in stroke patients with spatial neglect. The tDCS is a non-invasive brain stimulation technique and there is strong evidence that neurons underlying the anode are \'excited\', with resting membrane potential shifting towards depolarization and an increased rate of spontaneous neuronal firing[@B27].

It has already been reported that the effect of either CACR or tDCS on cognitive function. But there are insufficient studies about the effect of both CACR and tDCS on cognitive function.

Given the above background, we conducted this study to examine the synergistic effects of both CACR and tDCS on cognitive function in patients with stroke. To do this, we performed cognitive function test with the Korean Mini-Mental State Examination (K-MMSE) and Seoul Computerized Neuropsychological Test (SCNT).

MATERIALS AND METHODS
=====================

Patients
--------

The current study enrolled a total of 11 patients, comprising five men and six women, whose mean age 65.6 years old. They were newly diagnosed with stroke, whose lesions were confirmed by a magnetic resonance imaging (MRI) or a computerized tomography. Of them, six patients had cerebral infarction, four had cerebral hemorrhage and the remaining one had secondary cerebral infarction due to vasospasm after aneurysmal subarachnoid hemorrhage. In addition, there were six right-sided cases and five left-sided one. Moreover, they had no notable history of brain diseases, including dementia, that could cause cognitive dysfunction other than stroke. To rule out significant aphasia, patients underwent bedside language screening test which was consisted of 5 language domains such as comprehension, production, reading, writing, and repetition. All patients showed normal values in the bedside language screening test.

The patients were composed of mild-to-moderate cases of cognitive dysfunction, and participated in the SCNT by pushing the button according to our instructions. Their K-MMSE scores were lower than 25 points, whose mean value was 18.36 points (range, 10-24 points) prior to the combination of tDCS with CACR. Their years of education were 5.5 years on average. The patients equipped with metal in the head and the subjects with skin lesions in electrode attachment site were excluded. The institutional review board of our hospital approved the study protocol, and written informed consent was obtained from all subjects before participation. The patients were randomly assigned to two groups : the tDCS group (n=6) and the control group (n=5). Between the two groups, however, there were no significant differences in the age, sex, years of education, the disease duration and the National Institutes of Health Stroke Scale score during the hospital stay ([Table 1](#T1){ref-type="table"}). The location of lesions and etiologic causes are summarized in [Table 2](#T2){ref-type="table"}.

Transcranial direct current stimulation
---------------------------------------

As a transcranial direct current stimulator, we used the Phoresor II Auto Model PM850 (IOMED®, Salt Lake City, UT, USA) generating direct current with batteries, where the sponge electrodes of 5×5 cm in size (area : 25 cm^2^) were attached. The anode and the cathode were attached to the bilateral prefrontal cortex and the non-dominant arm, respectively. Then, they were entirely attached to the sites. The real stimulus was set at an intensity of 2 mA for 30 minutes. Meanwhile, the Korean computer-assisted cognitive rehabilitation program was concomitantly applied. The sham stimulus was set identical except that the current was reduced to zero after 30 seconds in such a manner that the patients were blinded to the turning-off of the power. The tDCS and the cognitive function test were performed by two independent personnels.

Korean computer-assisted cognitive rehabilitation program
---------------------------------------------------------

The Korean computer-assisted cognitive rehabilitation program (ComCog®, v1.0, Maxmedica, Seoul, Korea, 2004) consists of ten traning programs related to the attention and another ten related to the memory. In combination with the tDCS, the patients underwent the cognitive rehabilitation program 30 minutes (a 15-minute attention training and a 15-minute memory training) a day five times a week until the discharge since the hospitalization at the rehabilitation center. The cognitive rehabilitation program and the tDCS were performed by the same personnel.

Cognitive function test
-----------------------

Cognitive function test was performed by implementing the K-MMSE and the SCNT (SCNT®, v2.0, Maxmedica, Seoul, Korea, 2001) prior to and following the concomitant use of tDCS with CACR.

The SCNT were composed of a total of ten items and it was performed by a single personnel. These ten items include digit span test, verbal learning test for verbal memory function, visual span test, visual learning test for visuospatial memory, auditory continuous performance test (CPT), auditory controlled CPT, visual CPT, visual controlled CPT, word-color test for attention function, and trail making test for visuomotor coordination function[@B15].

The post/pre ratio of scores on the K-MMSE and SCNT item was calculated between prior to and following the concomitant use of tDCS with CACR.

Statistical analysis
--------------------

The post/pre ratio of scores on the K-MMSE and SCNT item was compared using the Mann-Whitney U test between the two groups. Statistical analysis was done using the Statistical Package for Social Science (SPSS) 18.0 (SPSS Inc., Chicago, IL, USA). All the data were expressed as mean±standard deviation. Statistical significance was set at *p*\<0.05.

RESULTS
=======

Some patients had pricking sensation at the sites of stimulation after the tDCS but there were no notable side effects. The mean period of CACR was 18.5 days in the tDCS group and 17.8 days in the control group.

The Korean Mini-Mental State Examination
----------------------------------------

There were no significant differences in the K-MMSE scores between the two groups at baseline ([Table 3](#T3){ref-type="table"}). The post/pre ratio of scores on the K-MMSE was no significant differences between two groups ([Table 4](#T4){ref-type="table"}).

Seoul Computerized Neuropsychological Test
------------------------------------------

There were no significant differences in the SCNT scores between the two groups at baseline except auditory CPT (*p*=0.032) ([Table 3](#T3){ref-type="table"}). The post/pre ratio of scores on the SCNT item was significantly higher in the tDCS group as compared with the control group on the auditory CPT (*p*=0.017) and visual CPT (*p*=0.017) for attention function ([Table 4](#T4){ref-type="table"}).

DISCUSSION
==========

Of note, the simultaneous application of tDCS during the CACR was more effective than the single use of CACR in improving the cognitive function after stroke. The current intensity of recent conventional tDCS is relatively very weak, therefore the tDCS does not induce the neuronal firing of resting cell. Rather, it is believed to modulate the increased rate of spontaneous neuronal firing depending on the polarity[@B27]. According to these technical characteristics, the combination of tDCS with functional training can be a more effective therapeutic approach than the single use of either tDCS or functional training.

In the current experimental study, we attached the electrodes to the prefrontal cortex. In the tDCS group, of the SCNT items, only those associated with attention had a significant improvement.

Many previous reports have also shown that the prefrontal cortex is involved in the detection of external changes and the interaction with the environment[@B16]. It has also been reported that patients with prefrontal cortex damage present with apathy[@B16]. Yamasaki et al.[@B28] demonstrated a correlation between the attention and prefrontal cortex on functional MRI scans. Furthermore, Bloch et al.[@B3] reported that there was an improvement in the attention following the application of repetitive transcranial magnetic stimulation to the prefrontal cortex using the non-invasive brain stimulation technique in children with attention deficit hyperactivity disorder.

In the current study, of the SCNT items, auditory CPT and visual CPT involved in the attention had a significant improvement in the tDCS group as compared with the control group. This suggests that the degree of attention can be significantly improved with the application of the tDCS to the prefrontal cortex in patients with stroke.

However, there were no significant differences in the post/pre ratio on the K-MMSE score and other SCNT items (memory function and visual motor coordination function).

The MMSE is widely used to assess the cognitive function after stroke; its Korean version, K-MMSE, is valid for testing patients with dementia[@B7],[@B13]. And, many previous studies reported that the prefrontal cortex played a crucial role in regulating the cognitive function[@B19]. Prefrontal cortex performs short-term storage of input data, and it is also known to play a role in controlling the working memory that is closely associated with the cognitive processes such as long-term memory, language learning and executive function[@B2],[@B5],[@B10]. Cerebral cortexes involved in the working memory include bilateral medial posterior parietal cortex, bilateral premotor cortex, cingulate gyrus, bilateral frontal pole, bilateral dorsolateral prefrontal cortex and bilateral ventrolateral prefrontal cortex[@B22]. Previous studies have been conducted in healthy adults and Parkinsonian patients, thus reporting that there was a significant improvement in the working memory following the tDCS for prefrontal cortex[@B9],[@B12],[@B21]. Boggio et al.[@B4] reported that 18 Parkinsonian patients achieved a significant improvement in the accuracy of verbal three-back working memory after receiving the tDCS to left prefrontal cortex at an intensity of 2 mA for 20 minutes. Moreover, Jo et al.[@B12] also reported that ten patients with cerebral infarction achieved a significant improvement in the accuracy of verbal two-back working memory after receiving the tDCS to left prefrontal cortex at an intensity of 2 mA for 30 minutes. Furthermore, Fregni et al.[@B9] also reported that 15 healthy young adults achieved a significant improvement in the accuracy of verbal three-back working memory after receiving the tDCS to left prefrontal cortex at an intensity of 1 mA for 10 minutes.

Our study did not show significant improvement in the K-MMSE scores and memory function test and visuomotor coordination function test of SCNT in the tDCS group as compared with the control group. Due to a small number of enrolled patients (n=11), the uneven distribution location and size of the lesions and the etiologic causes between the two groups is the limitations of our study. According to Desmond et al.[@B7], the incidence of cognitive dysfunction after stroke was reduced by 54% at a long-term follow-up in patients with left-sided lesions and those with major hemispheric syndrome. These authors also noted, however, that the incidence of diabetic complications was reduced by 11.9% at a long-term follow-up. Patel et al.[@B23] reported that the cognitive dysfunction was affected by the smoking, unilateral neglect syndrome, location of lesions and the degree of functional perfomance. In addition, the cognitive dysfunction after stroke was affected by many variables. In the current study, however, we could not match between the two groups becauce of a small number of enrolled patients. We hope further large-scale and case-control studies could show significant improvement in K-MMSE score and other SCNT items following concomitant use of tDCS with CACR.

In the current study, we failed to clarify whether there is a persistent presence of the improvement in the cognitive function following the concomitant use of the tDCS with CACR at a long-term follow-up because the cognitive function was evaluated only twice in the tDCS group (at the time of hospitalization and discharge). According to Desmond et al.[@B7], the degree of cognitive function was improved by 35.9% at a 1-year follow-up in patients with stroke. Kotila et al.[@B18] conducted a study in 154 patients, thus reporting that the degree of cognitive function was improved until a year since the onset of stroke. These authors also noted, however, that most of the patients achieved an improvement in the degree of cognitive function between the onset of stroke and three months after it. Wade et al.[@B26] conducted a study in 85 patients with stroke, thus reporting that both the degree of tapping performance and that of non-verbal memory were improved between three and six months after the onset of stroke. Further long-term follow-up studies are therefore warranted to suggest the appropriate period and guidelines for the initiation and termination of the tDCS for the rehabilitation of cognitive function in patients with stroke.

Also, all patients who participated in this study had never received objective test for screening their cognitive function before stroke. Therefore, we had to check patients\' previous cognitive function by history taking. If some patients would have mild cognitive impairment, themselves and their family can\'t notice the cognitive impairment. Although we excluded patients had history of brain diseases, including dementia, we can\'t convince patients\' cognitive impairment absolutely induced by stroke.

Our results showed that there were no significant differences in the word-color test and trail making test scores on the SCNT items between the two groups. That is, there were no significant improvements in the items of higher difficulty. This indicates that the concomitant use of the tDCS with CACR was less effective in helping the patients to return to the daily lives.

Despite the limitations of the current study, we found that the concomitant use of non-invasive tDCS with CACR had a significant effect in improving attention in stroke patients with mild-to-moderate cognitive dysfunction. But, further studies are warranted to examine the long-term effects of the concomitant use of non-invasive tDCS with CACR on the cognitive function including memory and higher cognitive function in patients with stroke.

CONCLUSION
==========

With the concomitant use of the tDCS with CACR, a relatively safe, convenient, non-invasive treatment modality, there was a significant improvement in the attention in the tDCS group as compared with the control group. However, this deserves further large-scale and case-control studies.

In conclusion, our results indicate that the concomitant use of the tDCS with CACR to the prefrontal cortex may provide additional beneficial effects in improving the cognitive dysfunction for patients with stroke.
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Characteristics of subjects
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Data are presented as mean±standard deviation. *p*-value was derived from Mann-Whitney U test and Fisher\'s exact test. NIHSS : National Institutes of Health Stroke Scale
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The lesion of stroke in subjects

![](jkns-54-484-i002)

Rt. : right, Lt. : left, PVWM : periventricular white matter, PCA : posterior cerebral artery, MCA : middle cerebral artery, BG : basal ganglia, SAH : subarachnoid hemorrhage
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Comparison between tDCS and control group at baseline

![](jkns-54-484-i003)

Data are presented as mean±standard deviation. *p*-value was derived from Mann-Whitney U test. ^\*^*p*\<0.05.SCNT : Seoul Computerized Neuropsychological Test, CPT : continuous performance test, MMSE : Mini-Mental Status Examination, tDCS : transcranial direct current stimulation
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Comparison of the ratio of post/pre between tDCS and control group
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Data are presented as mean±standard deviation. *p*-value was derived from Mann-Whitney U test. ^\*^*p*\<0.05. SCNT : seoul computerized neuropsychological test, CPT : continuous performance test, MMSE : Mini-Mental Status Examination, tDCS : transcranial direct current stimulation
